To establish the validity of various proposed structural models, we have investigated the structure of the binary As x Se 100−x chalcogenide glass family ͑x ഛ 40͒ by high-resolution x-ray photoelectron spectroscopy. From the composition dependence of the valence band, the contributions to the density of states from the 4p lone pair electrons of Se and the 4p bonding states and 4s electrons of Se and As are identified in the top part of the band. The analysis of Se 3d and As 3d core-level spectra supports the so-called chain crossing model for the atomic structure of Se-rich As x Se 100−x bulk glasses. The results also indicate small deviations ͑ϳ3-8%͒ from this model, especially for glass compositions with short Se chains ͑25Ͻ x ഛ 40͒. For example, the presence of As-As homopolar defect bonds in the stoichiometric As 40 Se 60 and of Se-Se-Se fragments in a glass with composition x = 30 is established.
I. INTRODUCTION
Chalcogenide glasses ͑ChGs͒ within the binary As x Se 100−x system exhibit a series of unique features, which are useful for their many applications in modern optoelectronics. [1] [2] [3] [4] [5] [6] Owing to highly nonlinear optical properties, 5, 6 the Se-rich compositions ͑x ഛ 40͒ are especially attractive; their network consists of chain-or ringlike polymeric fragments crosslinked via structural units of higher coordination. 7, 8 These ChGs behave as fragile glass formers like typical organic polymers, both showing a number of common physical phenomena, such as physical aging, photoinduced effects, etc. [9] [10] [11] Typically, two models are used to describe the structure of Se-rich ChGs: the so-called chain crossing model 12 and outrigger raft model. 13 The first model explains the compositional behavior of physical properties of ChGs in terms of the length of Se chains between appropriate structural units, and excludes structural rearrangements of atomic agglomerations or aggregations. The second model is based on the existence of clusters of appropriate glass-forming units, which would ultimately lead to phase separation. Although many of the experimental data support the chain crossing model ͓e.g., solid-and liquid-state NMR ͑Refs. 14 and 15͒ or Raman scattering 16 investigations͔, there remain open questions about its applicability to describe the structure of real glass. For example, structural units not predicted by this model, such as quasitetrahedral As 2 Se 5 complexes based on double Asv Se bonds, are alternatively assumed to explain the results of temperature-modulated differential scanning calorimetry in these materials. 17 We examine the validity of the first model and determine the electronic structure of the materials under consideration by high-resolution x-ray photoelectron spectroscopy ͑XPS͒ of the valence band and core levels. So far, only a few XPS studies have been conducted on As-rich As x Se 100−x ChGs ͑x Ͼ 40͒, [18] [19] [20] or pure vitreous Se. 21, 22 Systematic XPS studies have not been performed on Se-rich compositions ͑i.e., 0 Ͻ x Ͻ 40͒, which are necessary for developing a comprehensive understanding of the structure and properties of the As-Se family of ChGs. So, in this paper, we investigate the relationship between the bulk composition of Se-rich binary As x Se 100−x ChGs ͑i.e., x ഛ 40͒ and the structure, as observed in the core-level and valence-band spectra of these glasses.
II. EXPERIMENT
The samples of binary As x Se 100−x ChGs ͑x = 0, 10, 20, 30, and 40͒ were prepared in 1985 by conventional melt quenching route in evacuated quartz ampoules from a mixture of high-purity ͑99.999 %͒ As and Se powders. The furnace was rocked to obtain a homogeneous melt. Glass ingots were obtained by switching off the furnace to quench the melt. Subsequently, the materials were annealed near the glass transition temperatures T g for 4 h to relieve internal stresses that appeared during cooling. The samples were then stored in hermetically sealed plastic bags in the dark at controlled room temperature for nearly 20 years before the present XPS measurements were carried out. The amorphous state of the prepared samples was inferred visually by the characteristic conchlike fracture of the specimens, differential scanning calorimetry data, and x-ray diffraction.
XPS is a surface analysis technique with about 65% of the signal originating from the outermost ϳ30 Å of the surface. To obtain data representative of the bulk, glass specimens were fractured inside the analysis chamber at pressures typically 2 ϫ 10 −8 mbar or less. This procedure eliminated ambiguities that might be introduced into the spectra as a result of surface reactions with oxygen or other surface contaminations.
The XPS spectra were recorded with a Scienta ESCA-300 spectrometer using monochromatic Al K␣ x rays ͑1486.6 eV͒. The analysis area was a spot ϳ3 -4 mm long and ϳ250 m wide. Data acquisition was restricted electronically to a region smaller than the x-ray-illuminated area. For all measurements the angle between the surface and the detector was 90°. The instrument was operated in a mode that yielded a Fermi-level width of 0.4 eV for Ag metal for the core-level spectra and 0.54 eV for the valence band. The energy scale was calibrated using the Fermi level of clean Ag.
The XPS data consisted of survey scans over the entire binding energy range and selected scans over the valenceband or core-level photoelectron peaks of interest. An energy increment of 1.0 eV was used for recording the survey spectra and 0.05 eV for the case of core-level spectra. The corelevel peaks were recorded by sweeping the retarding field and using the constant pass energy of 150 eV, whereas for the valence-band spectra we used 300 eV pass energy. The reproducibility of the measurements was checked on different regions of fractured surfaces as well as on different samples. The surface charging from photoelectron emission was neutralized using a low-energy ͑Ͻ10 eV͒ electron flood gun. Though effective in minimizing distortions that might arise from differential surface charging on the fracture surfaces, the use of the flood gun resulted in the surfaces attaining a uniform, though net negative, potential with respect to earth. The magnitude of this potential depended upon the geometry and conductivity of the surface.
To accommodate differences in surface potentials between specimens, and to determine the absolute positions of all XPS spectra, an ultrathin film of gold was deposited on the sample surface just before the XPS measurements. Then the experimental positions of the valence band and core levels for all the investigated samples were calibrated by referencing to the 4f 7/2 core level peak of pure Au at 84.0 eV. 23 Note that gold-deposited samples were used only for the determination of absolute position of XPS spectra, not for other analyses that were performed on freshly fractured of samples without gold films.
III. DATA ANALYSIS
Data analysis was conducted with the standard ESCA-300 software package. For analyzing the core-level spectra, a Shirley background was subtracted and a Voigt line shape was assumed for the peaks. 24 Concentrations of appropriate chemical elements were determined from the area of corelevel peaks, taking into account appropriate experimentally determined sensitivity coefficients.
Each 3d core-level spectrum for As and Se in our samples consisted of one or more poorly resolved spin-orbit doublets consisting of 3d 5/2 and 3d 3/2 components. The number of doublets within a given peak was determined by an iterative curve-fitting process in which a doublet was added only if it significantly improved the goodness of fit of the experimental data to the envelope of the fitted curve. The parameters used to link the Se 3d 5/2 and 3d 3/2 peaks were a peak separation of 0.85 eV and an area ratio of 1.4. For As the parameters were 0.7 eV and 1.4, respectively. These reference values were obtained experimentally for pure bulk vitreous Se and a number of As-containing ChGs using the same Scienta ESCA-300 spectrometer.
The full width at half maximum ͑FWHM͒ was assumed to be the same for the peaks within one doublet. However, differences between FWHM values for different doublets of the same core-level peak were allowed. The mix between the Gaussian and Lorentzian fractions in the Voigt function was chosen to be the same for all doublets of a given core level. The fitting procedure gave asymmetry values close to zero and mix values close to 0.9 ͑1.0 is the value for a pure Gaussian͒ for all peaks. With these constraints the uncertainty in the peak position and area of each component was ±0.05 eV and ±2%, respectively.
IV. RESULTS AND DISCUSSION
The survey XPS spectra of fractured surfaces are shown in Fig. 1 for the two typical compositions of ChGs used in this investigation. The well-defined peaks associated with the As and Se core levels as well as related Auger lines were identified using the reference spectra in the Physical Electronics ͑PHI͒ handbook. 23 No elements other than the glass components were observed in the spectra. In particular, there was no evidence for oxygen on any of the surfaces.
The well-known difference 8 in the compositional dependences of electrical conductivity in Se-rich As x Se 100−x ChGs measured far below and at ϳT g suggests significant changes in the density of occupied energy states at the top of valence band when approaching T g . The same conclusion can be drawn by analyzing photoinduced effects in ChGs, which nearly vanish at T i / T g ജ 0.75 ͑T i is the temperature of induced changes͒ independent of the composition. 25 Since the T g variation for the studied ChGs covers a wide temperature interval ϳ310-460 K, 7, 8 the comparison of valence-band XPS spectra taken at T room Ϸ 300 K may not be meaningful, because T room is close to T g of Se-rich compositions but far from T g of As-rich ones ͑for example, for vitreous Se T room / T g Ϸ 0.93, while for As 40 Se 60 T room / T g Ϸ 0.66͒. So, for a valid comparison the valence-band XPS spectra of different compositions were recorded at the same conditions with respect to T g . We have chosen the ratio T i / T g = 0.75 as a constant and compared valence-band XPS spectra ͑Fig. 2͒ taken at T i = 241 K for vitreous Se, T i = 276 K for As 10 Se 90 , T i = 288 K for As 20 Se 80 , T i = 300 K for As 30 Se 70 , and T i = 339 K for As 40 Se 60 ͑temperature deviation during XPS measurements did not exceed ±3 K͒. The present data correlate well with the known valence-band spectra of pure Se. 21, 22 The well-defined contributions from 4p lone pair ͑LP͒ electrons at about 2 eV, 4p bonding states at about 5 eV, and 4s electrons at 11-16 eV of Se are prominently visible in Fig. 2 . Because the band at ϳ5 eV appears as one peak, and not as two or more subbands, we may infer that there is no large-scale phase separation. 21 Increase in As concentrations from x = 0 to 40 within the As x Se 100−x system leads to a number of characteristic modifications in the valence-band spectra. First of all, the valley at ϳ3 eV disappears due to the broadening of Se 4p bonding states peak as the number of Se-As bonds increases ͑As 4p bonding states give a peak at this value of binding energy͒. 21, 26 An accompanying decrease in the band intensity at ϳ5 eV is explained by a decrease in the Se 4p bonding states associated with Se-Se covalent bonds. 21, 26 Comparison of XPS valence band spectra for As x Se 100−x ChG of different compositions ͑Fig. 2͒ allows us to decompose the broad band at 9 -16 eV into four regions ͑centered at 9, 11, 14, and 16 eV͒ originating from interaction of As 4s and Se 4s electrons with As 4p
and Se 4p electrons. 26 Because the differences in binding energies are small, these XPS bands cannot be identified if only one chemical composition is considered. 18, 19 Smooth changes in the intensity of the XPS signal from LP electrons of Se ͑Fig. 2͒ correlates well with the expected compositional behavior: the higher the Se content, the stronger is the signal from LP electrons because every Se atom contributes its own LP electrons.
To obtain further information about the structure of the investigated As x Se 100−x ChGs with x ഛ 40, we consider the As and Se core-level spectra. If the chain crossing model is valid for the studied compositions, the glass structure should obey the following criteria.
͑1͒ As atoms forming AsSe 3 pyramids are homogeneously distributed in the glass-forming network; these atoms are linked by Se chains of approximately the same length.
͑2͒ The average number of Se atoms within one chain between two As atoms depends only on ChG composition ͑the higher the Se content, the longer would be the Se-based chain͒.
Therefore, Se-rich ChGs with an equal number ͑n͒ of Se atoms between As atoms should be composed of the elementary structural fragments listed in Table I . It is clear that only three types of Se nearest-neighbor configurations ͑Se-Se-Se, As-Se-Se, and As-Se-As; the analyzed core level is written in bold font͒ are possible, which would predominantly contribute to the Se core-level spectrum. However, only one type of As configuration ͓i.e., As atoms incorporated within AsSe 3 pyramids, Se-AsϽ ͑Se͒ 2 ͔ is expected in the structure of Serich ChGs. Using this formalism it is possible to theoretically determine the content of each atomic environment for the various compositions investigated in this work ͑see the A 0 values in Table II͒ . According to these calculations, the As 10 Se 90 ChG contains 67% of Se atoms in Se-Se-Se and 33% of Se in As-Se-Se, whereas all the As should be in Se-AsϽ ͑Se͒ 2 structural fragments. The same is valid for the As 20 Se 80 ChG, but with different percentages ͑Table II͒. The next composition, the As 30 Se 70 ChG, would not contain SeSe-Se fragments, but include As-Se-As ͑28%͒ bridges in their place. Finally, only As-Se-As and Se-AsϽ ͑Se͒ 2 structural fragments are expected for stoichiometric As 40 Se 60 ChG, and Se-Se-Se for pure selenium. Each of the indicated fragments should contribute a separate doublet in the corresponding core-level spectrum.
The compositional dependence of Se and As 3d core-level spectra and their best fit analyses are presented in Figs. 3 and  4, respectively. An increase in the As concentration gives rise to a relative increase in the As core-level spectrum area and causes a corresponding decrease in the area of the Se corelevel spectrum, which is expected from the chemical compo- 27 and the data of Table I , the Se 3d doublets ͑Fig. 3͒ with the intensity of primary components at ϳ54.8 eV were attributed to Se-Se-Se, at ϳ54.4 eV to AsSe-Se, and at ϳ54.0 eV to As-Se-As structural fragments. The As 3d doublet ͑Fig. 4͒ with the main component at ϳ42.2 eV was assigned to the Se-AsϽ ͑Se͒ 2 regular environment.
It is evident from a comparison of the peak area values A ͑experimental͒ and A 0 ͑predicted by the chain crossing model͒ that this model is obeyed by all the investigated compositions with 3-8 % accuracy. The most significant deviations ͑ϳ5-8%͒ are observed for compositions As 30 Se 70 and As 40 Se 60 ͑Table II͒. For the first glass, in addition to the doublets in Se 3d core-level spectra associated with AsSe-Se and As-Se-As structural fragments predicted by the chain crossing model, an additional doublet with main component at ϳ54.8 eV should be introduced to achieve an acceptable goodness of fit. Owing to its position and the data of Table II , this peak is assigned to Se-Se-Se fragments. So, it should be assumed that instead of the chains with two or one Se atom between terminal As atoms ͑as expected from the chain crossing model; see Table I͒ , the structure of the As 30 Se 70 ChG also consists of three-member Se chains. A small concentration of Se-Se-Se fragments in the structure of this glass was assumed also on the basis of liquid-state NMR investigations. 15 For the case of the As 40 Se 60 ChG, an additional doublet ͑see Figs. 3 and 4͒ beyond those predicted by the chain crossing model has to be introduced into the As 3d and Se 3d core-level spectra to achieve an acceptable fit. Owing to the known possibility of As-As wrong homopolar bond formation in the glass network of the As 40 Se 60 ChG via the transformation 2As-Se↔ As-As+ Se-Se, 7,28 these additional components are attributed to As-AsϽ ͑Se͒ 2 fragments in the As core level and As-Se-Se units in the Se core level. The position of the As 3d 5/2 peak of the first fragment is registered at lower binding energies ͑ϳ41.8 eV͒ than that of Se-AsϽ ͑Se͒ 2 because of the lower electronegativity of As with respect to the Se atom. 27 It should be noted here that the reported concentration of wrong As-As homopolar bonds in the stoichiometric As 40 Se 60 ChG ͑according to the present results it is ϳ3%͒ varies in the range from ϳ0 ͑Refs. 29 and 30͒ to ϳ10%, 28, 31 and most probably depends on the synthesis conditions and thermal prehistory of the samples as well as on the sensitivity of the analysis methods.
Thus it appears that the chain crossing model needs some adjustments: the concentrations of fragments may need correction such that the lengths of Se n chains between two As atoms can deviate by one atom to Se n±1 with ϳ10% probability. This deviation could be due to nonideal glass preparation conditions ͑mixing of constituent elements͒ or postpreparation treatments ͑photoinduced effects, aging, etc.͒. This fact is not significant for long Se chains, but may play an important role for compositions with three or fewer Se atoms in the chain ͑25Ͻ x ഛ 40͒.
We have found no evidence of fourfold-coordinated As atoms in significant concentrations. From our XPS measurements the existence of quasitetrahedral As 2 Se 5 units with double Asv Se bonds as well as charged diamagnetic overand undercoordinated atoms in high concentrations ͑more than the detection limit of the technique, i.e., a couple of percent͒ is not supported for the present bulk glasses. The same conclusions can be drawn from solid-and liquid-state 77 Se NMR investigations on Se-rich ChGs in the As-Se system. 14, 15 Some correlations are evident for the compositional dependence of the FWHMs of the fitted peaks. Increase of As content in the ChG composition leads to a decrease in the FWHM of peaks in the Se 3d core-level spectra for Se atoms within Se-Se-As and Se-Se-Se structural fragments ͑Table II͒. Simultaneously, the FWHM of the fitted peaks in As 3d core-level spectra remains practically unchanged. By accepting that this parameter is related to ordering around target atoms, we can conclude that unit cell parameters for AsSe 3 pyramids do not differ significantly in the whole investigated composition range. On the other hand, the ordering of Sebased fragments is obvious when approaching the stoichiometric As 40 Se 60 composition, in which the glass backbone is supposed to be built from a so-called self-organized phase. 17, 32 The higher steric constraints ͑in comparison to AsSe 3 pyramids interconnected via flexible Se-Se bridges or longer Se chains͒ required for direct corner sharing of AsSe 3/2 pyramids in this phase along with the possibility of their edge sharing can be a reason for higher deviations in As-Se-As bond angles and lengths, resulting in the increase in FWHM of peaks in the Se 3d core-level spectra responsible for As-Se-As structural fragments ͑Table II͒.
V. CONCLUSIONS
It is shown that, through a systematic variation of composition of As x Se 100−x ChGs with x ഛ 40, one can accomplish a more precise analysis and identification of XPS spectral features than from the data on any one composition. The observed composition dependence of the valence-band electronic structure at T i / T g = 0.75 correlates well with the Fitting of Se 3d core-level spectra for As x Se 100−x glasses ͑bold, experimental spectrum; thin, fitted spectrum; dotted, baseline; dashed, fitted components͒.
behavior expected according to the changes in As x Se 100−x glass composition. High-resolution XPS measurements show that the chain crossing model describes the atomic and electronic structure of Se-rich As x Se 100−x ChGs with an accuracy of ϳ3 -8 %. The analysis of As and Se 3d core-level spectra does not give any experimental evidence for As 2 Se 5 units and/or the existence of defects with wrong coordination number in the structure of the investigated bulk ChGs.
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